The aim of the present study was to determine the time course of changes in oxidant/antioxidant status, as well as serum glucose, insulin, leptin and lipid levels, liver adipose tissue and muscle lipid and protein contents, in cafeteria-diet-fed dams during gestation and lactation, and in their offspring throughout adulthood. Food intake was also evaluated. The cafeteria diet induced a significant increase in maternal body and relative adipose tissue weights, daily energy intake, and plasma glucose, insulin, leptin and lipid levels at parturition (day 0) and at the end of lactation (day 21). Plasma total antioxidant status [ORAC (oxygen radical absorbance capacity)], erythrocyte catalase and SOD (superoxide dismutase) activities were lower, whereas plasma hydroperoxide and carbonyl protein levels were higher in cafeteria-diet-fed mothers compared with control mothers at days 0 and 21. Pups from cafeteria-diet-fed dams, both males and females, also had consistently higher body and relative adipose tissue weights, and plasma glucose, insulin, leptin, triacylglycerol (triglyceride) and cholesterol levels at birth (day 0), weaning (day 21) and 3 months of age (day 90). These offspring had significantly lower ORAC and catalase activity, and higher plasma hydroperoxide and carbonyl protein levels and SOD activity at birth, at days 21 and 90 compared with control offspring. In conclusion, excessive maternal fat and energy intake can play an important role in the development of metabolic disorders in the offspring. Maternal oxidative stress may be among the responsible factors. Fetal oxidative stress may present an additional confounding influence and probably contributes to additional disorders, aggravating features of the metabolic syndrome. An improvement in maternal oxidant/antioxidant status during pregnancy and lactation, with adequate nutrition, could have beneficial effects on the progeny.
INTRODUCTION
Food supply and metabolism in women during pregnancy and lactation and in their children have marked implications on child development and long-term health [1] . During pregnancy, the availability of nutrients to the fetus depends on placental supply and maternal nutrition. There is growing evidence that maternal overnutrition has long-lasting consequences for the health of the infant [1, 2] . It is well-accepted that energy intake in excess of energy expenditure may be a key factor in promoting body weight gain and obesity. Obesity is one of the most common health problems for pregnant women. Maternal obesity is associated to several complications, such as high BP (blood pressure), eclampsia, gestational diabetes and macrosomia [3] [4] [5] . Infants of obese mothers have been shown to be prone to the development of glucose intolerance, obesity and diabetes during childhood and adulthood [6, 7] . Obesity is associated with glucose and lipid metabolism abnormalities, and increased cardiovascular risk and oxidative stress [8] .
Oxidative stress, related to an imbalance between the production of oxygen free radicals and the antioxidant defence system, has been implicated in several diseases such as atherosclerosis, diabetes and obesity [9] [10] [11] . In obese patients, the increase in oxidative damage may be a consequence of hyperglycaemia, hyperlipidaemia, increased tissue lipid levels, inadequate antioxidant defences, increased rates of free radical formation and chronic inflammation [12] . Indeed, oxygen free radicals have been implicated in the aetiology of premature delivery, eclampsia and maternal infections [13] [14] [15] .
Therefore studies on maternal and fetal oxidant/ antioxidant status during pregnancies in obese women are very important and necessary to improve our knowledge on the effects of maternal obesity on their offspring. In addition, the implication of oxidative stress in adult diseases and the predisposition of the offspring of obese mothers to these diseases raise the question of the possible link between oxidant/antioxidant status and the development of long-term metabolic abnormalities. As the prevalence of obesity is reaching epidemic proportions, understanding the effect of maternal overnutrition on the development of the baby and its long-term consequences on health are of particular importance. The mechanisms by which maternal overfeeding influences fetal development are extremely complex and animal models are needed due to ethical and methodological limitations. Experimental obesity can be produced by dietary manipulations. Offering rats a variety of snack-type foods, normally consumed by humans, in a multi-choice 'cafeteria' arrangement has been shown to produce hyperphagia and obesity [16, 17] . This cafeteria feeding is believed to be a reliable model of dietary obesity in humans, as humans also tend to overeat when offered a variety of palatable foods [18] . Several authors have used animal models of cafeteria-diet-induced obesity and indicate that maternal overnutrition has long-term metabolic consequences in the offspring, including an increase in lipogenic capacity in adipose tissue, impaired glucose homoeostasis, and altered body composition and metabolism [19] [20] [21] [22] [23] [24] .
Although different studies have shown that obesity is associated with increased oxidative stress and lipid peroxidation [11, 12] and that maternal obesity is associated with metabolic alterations in offspring, to the best of our knowledge there are no reports in the literature of the effect of maternal obesity on oxidant/antioxidant status on their offspring. The aim of the present study was to test the hypothesis that obesity increases oxidative stress in mothers and also in their offspring throughout adulthood. Therefore several markers of oxidative stress were assessed by measuring the overall capacity of plasma samples to scavenge oxygen radicals [ORAC (oxygen radical absorbance capacity)], the concentrations of plasma vitamins (A, C and E), hydroperoxides, carbonyl proteins, and the activities of erythrocyte SOD (superoxide dismutase), GSH-PX (glutathione peroxidase), GSSG-Red (glutathione reductase) and CAT (catalase) in cafeteria-diet-fed obese rats and their offspring through to adulthood. The time course of changes in serum glucose, insulin, leptin and lipid levels were also determined. Our present study aimed to understand how maternal dietary obesity affects oxidant/antioxidant status and influences the development of metabolic diseases in the offspring.
MATERIAL AND METHODS

Animals and experimental protocol
Adult Wistar rats were obtained from Iffa-Credo. After mating, the first day of gestation was estimated by the presence of spermatozoids in vaginal smears. Pregnant rats weighing 180-200 g were housed individually in wood-chip-bedded plastic cages at a constant temperature (25 • C) and humidity (60 + − 5 %) with a 12 h light/dark cycle. The rats had free access to water and were assigned to two dietary groups, with one group (control, n = 20) fed a control commercial diet (UAR), whereas the second group (cafeteria group, n = 20) was fed a fatrich hypercaloric diet throughout gestation and lactation. The control diet (330 kJ/100 g; where 1 kcal ≈ 4.184 J) was composed of 25 % of energy as protein, 10 % of energy as lipids and 65 % of energy as carbohydrate by dry weight. The components of the cafeteria diet were paté, cheese, bacon, chips, cookies and chocolate (in a proportion of 2:2:2:1:1:1, by weight) and control diet (mix/control diet), was given to each rat daily as published previously [20, 25, 26] . The composition of the cafeteria diet (420 kJ/ 100 g) was 23 % of energy as protein, 35 % of energy as carbohydrates and 42 % of energy as lipids by dry weight.
The dams were fed the same diet continuously for the entire gestation and lactation periods. The day of parturition was set as day 0. A total of 120 pups from the 20 cafeteria-fed dams and 165 pups from the 20 control dams were delivered spontaneously and weighed within 12 h. The postnatal litter size was adjusted at eight pups/dam, with four male and four female pups, to maintain a similar postnatal nutritional intake during the suckling period. Weaning occurred on day 21 of lactation. All offspring were weaned on to the control commercial diet (UAR). Male and female rats were housed separately, two to three rats per cage, and allowed food and water ad libitum. They were followed into adulthood. Food intake and body weights of mothers and pups were recorded daily.
The study was conducted in accordance with the national guidelines for the care and use of laboratory animals. All the experimental protocols were approved by the Regional Ethical Committee.
Experimental procedures
At birth, 20 newborn rats in each group (control and experimental) were killed by decapitation, and blood was collected and pooled from four animals to obtain sufficient serum samples for chemical determinations.
At days 0 and 21 for dams and days 21 and 90 for pups, eight rats from each group were anaesthetized with intraperitoneal injection of sodium pentobarbital (60 mg/kg of body weight). The abdominal cavity was opened and blood was drawn from the abdominal aorta into heparinized tubes. Blood samples were centrifuged to obtain the plasma for determinations of insulin, glucose, lipids and oxidant/antioxidant status parameters. After removal of plasma, erythrocytes were washed three times with 2 vol. of isotonic saline. Erythrocytes were lysed with ice-cold distilled water (1/4), stored at 4
• C for 15 min and the cell debris was removed by centrifugation (2000 g for 15 min). Erythrocyte lysates were assayed for antioxidant enzyme activities.
Liver, gastrocnemius muscle and fat tissue surrounding the kidney and epididymal areas (male rats) or ovary and fallopian tubes (female rats) were removed, washed with ice-cold saline, and quickly blotted and weighed. An aliquot of each tissue was homogenized in an Ultraturrax homogenizer (Bioblock Scientific) for lipid extraction. Samples of approx. 100 mg of liver and muscle were diluted with ice-cold water (1 ml), homogenized at 4
• C in a Potter-Elvejhem homogenizer and used for protein determination.
Chemical analyses
Plasma insulin and leptin were analysed using RIA kits with antibodies to authentic rat insulin and leptin respectively (Linco Research). Plasma glucose, triacylglycerols (triglycerides) and total cholesterol were determined using colorimetric enzymatic assays (Sigma). Liver, muscle and fat tissue lipid levels were measured using the method of Folch et al. [27] . Protein contents of tissue homogenates were determined by the method of Lowry et al. [28] , with BSA as the standard.
Scavenging capacity of plasma
Plasma ORAC employs the oxidative loss of the intrinsic fluorescence of APC (allophycocyanin) as we have described previously [10] . APC fluorescence decay shows a lag or retardation in the presence of antioxidants, related to the antioxidant capacity of the sample. Trolox was used as a reference antioxidant for calculating ORAC values, with 1 ORAC unit defined as the net protection area provided by 1 μmol/l final concentration of trolox. As a major contributor to plasma ORAC is protein, the results are presented after adjustment for plasma protein levels.
Determination of plasma levels of vitamins A, C and E
Plasma α-tocopherol (vitamin E) and retinol (vitamin A) were determined by reversed-phase HPLC and detected using an UV detector at 292 nm for vitamin E and 325 nm for vitamin A (zaman). Vitamin C levels were determined in plasma using dinitrophenylhydrazine, thiourea and copper sulfate according to the method of Roe and Kuether [29] .
Determinations of erythrocyte antioxidant enzyme activities
CAT (EC 1.11.1.6) activity was measured by spectrophotometric analysis of the rate of H 2 O 2 decomposition at 240 nm [30] . Enzyme activity was expressed as units/g of haemoglobin. . GSH-PX (EC 1.11.1.9) was assessed by the method of Paglia and Valentine [31] using cumene hydroperoxide as a substrate, with 1 unit of enzyne activity being defined as the amount of enzyme that gives a 90 % decrease in glutathione concentration/min at a 1 mmol/l starting glutathione concentration. GSSG-Red (EC 1.6.4.2) activity was determined by measuring the rate of NADPH oxidation in the presence of oxidized glutathione [32] , with 1 unit of enzyme activity defined as the amount of enzyme which oxidized 1 mmol of NADPH/min. SOD (EC 1.15.1.1) activity was measured by the NADPH oxidation procedure [33] and is expressed as units of SOD/g of Hb.
Determination of plasma hydroperoxides
Hydroperoxides (markers of lipid peroxidation) were measured by the ferrous ion oxidation/xylenol orange assay (Fox2) in conjunction with a specific hydroperoxide reductant, TPP (triphenylphosphine), using a PeroxiDetect kit (Sigma).
Determination of plasma carbonyl proteins
Plasma carbonyl proteins (markers of protein oxidation) were assayed by 2,4-dinitrophenylhydrazine reaction as described previously [34] .
Statistical analysis
Results are expressed as means + − S.E.M. Significant differences among the groups were analysed by ANOVA. Significant differences between obese and control rats and between males and females, at each age, were assessed using a Student's t test. These calculations were performed using STATISTICA version 4.1 (STATSOFT). Differences were considered statistically significant at P < 0.05. 
RESULTS
Body weight, energy intake, relative weight, and protein and lipid contents of organs
Mothers
The cafeteria diet was associated with increased maternal body weight at parturition (day 0) and at the end of lactation (day 21) ( Table 1 ). The original body weight (prior to pregnancy) of the dams was similar among the two groups (196 + − 10.60 g for controls and 200 + − 11.08 g for cafeteriafed dams); however, weight gain during pregnancy was higher in cafeteria-fed dams than in controls (100 + − 8 g in controls compared with 180 + − 10 g in cafeteria-fed dams). Body weight was slightly decreased from parturition to the end of lactation in control dams, whereas the mean weight of cafeteria-fed dams remained essentially stable. The daily energy intake was increased in mothers fed the cafeteria diet compared with mothers fed the control diet (Table 1) . After parturition, energy intake increased significantly in both groups.
Relative liver and muscle weights did not differ between mothers fed the cafeteria diet and control diet at any age (Table 1) ; however, obese (cafeteria-diet-fed) dams had a higher relative adipose tissue weight compared with control dams at parturition (day 0) and also at day 21.
The cafeteria diet significantly increased maternal adipose tissue lipid contents at days 0 and 21 (Table 1) . Liver lipid contents were significantly higher in cafeteriafed dams than in controls only at day 0, and muscle lipid contents did not vary between the two groups of mothers across pregnancy and lactation. The cafeteria diet did not affect maternal liver and muscle protein amounts at days 0 and 21.
Offspring
Pups from cafeteria-fed dams had consistently higher weight at birth (day 0), at weaning (day 21) and at 3 months of age (day 90) ( Table 2 ). Female rats were significantly smaller than males in the control and obese groups.
The daily energy intake was significantly greater in both male and female offspring of cafeteria-fed dams than in their respective controls at day 90 (Table 2) . It was significantly less in females compared with males in either control or obese rats.
Pups from cafeteria-fed dams did not have different liver weights from those of control pups at any age (Table 2) . At day 21, no difference in relative muscle weight was observed between pups; however, at day 90, muscle weight was significantly decreased in both male and female obese offspring compared with controls. Indeed, obese pups had significantly more adipose tissue than that of the control rats at day 21 and day 90. Females had significantly greater adipose tissue than did males in the obese group; however, in the control group, relative adipose tissue weight did not differ between males and females.
Liver lipid and protein content in offspring was not altered by maternal diet throughout the study period (Table 3 ). In contrast, significant effects of maternal diet were observed on adipose tissue lipid contents, which were higher in offspring of the cafeteria-fed dams than in their control counterparts. At day 21, both male and female pups from cafeteria-fed dams had similar amounts of muscle lipids and proteins as control pups; however, at adulthood (day 90), these obese pups had significant decreases in muscle lipid and protein contents compared with controls. There were no significant differences with gender in the control group; however, amounts of adipose tissue lipids were significantly greater in females than males in the obese group.
Plasma glucose, insulin, leptin and lipid concentrations
Mothers
The cafeteria diet induced a significant increase in maternal plasma glucose, insulin, leptin and lipid levels at parturition and at the end of lactation (Figures 1 and 2 ).
Figure 1 Serum glucose, insulin and leptin concentrations in chow-fed (control) and cafeteria-diet-fed (obese) mothers and their offspring
Values are means + − S.E.M. Male and female offspring constitute separate groups. Significant differences between obese and control rats, at each age, are indicated by * P < 0.05, * * P < 0.01 and * * * P < 0.001. Significant differences between males and females in the same group, at each age, are indicated by + P < 0.05.
Offspring
Plasma glucose, insulin, leptin, triacylglycerol and cholesterol levels were significantly enhanced in both male and female pups from cafeteria-fed mothers compared with control pups at birth and throughout adulthood (Figures 1 and 2 ). In the control group, there were no significant differences between males and females, except for low leptin and triacylglycerol levels in females at day 90. In the obese group, leptin, cholesterol and triacylglycerol concentrations were higher in females than in males.
Oxidative stress parameters
Mothers
Plasma total antioxidant status (ORAC) was lower, whereas plasma hydroperoxide and carbonyl protein levels were higher, in cafeteria-fed mothers compared 
Figure 2 Serum lipid concentrations in chow-fed (control) and cafeteria-fed (obese) mothers and their offspring
Values are means + − S.E.M. Male and female offspring constitute separate groups. Significant differences between obese and control rats, at each age, are indicated by * P < 0.05 and * * P < 0.01. Significant differences between males and females in the same group, at each age, are indicated by + P < 0.05.
with control mothers at days 0 and 21 (Table 4 ). The cafeteria diet did not affect maternal plasma vitamin A, C and E levels ( Table 4) . Erythrocyte CAT and SOD activities were lower, whereas and erythrocyte GSH-PX and GSSG-Red activities were unchanged, in cafeteria-diet-fed mothers compared with control mothers throughout the experiment (Figure 3 ).
Offspring
Pups from cafeteria-fed mothers had significantly lower ORAC values at birth, at day 21 and day 90 compared with control offspring (Table 5) . With regard to vitamin levels, both male and female obese pups had similar amounts as their respective controls.
Higher plasma hydroperoxide and carbonyl protein levels were observed in obese offspring compared 
Figure 3 Erythrocyte antioxidant enzyme activities in chow-fed (control) and cafeteria-fed (obese) mothers
Values are means + − S.E.M. Significant differences between obese and control rats, at each age, are indicated by * P < 0.05 and * * P < 0.01. GPX, GSH-PX; GRED, GSSG-Red; U, units. (Table 6 ). There was a gender difference in hydroperoxide levels, with females having greater amounts compared with males at day 90 only in the obese group. Erythrocyte CAT activity was decreased in obese pups throughout adulthood (Figure 4 ). In the control group, females had higher CAT activity at day 90 than males, whereas there was no significant difference with gender in the obese group.
At birth, SOD activity was similar in the offspring of cafeteria-diet-fed mothers and controls. At days 21 and 90, however, obese rats, both male and female, had significantly higher SOD activities compared with their respective controls (Figure 4) . Erythrocyte GSH-PX and GSSG-Red activities in offspring were unaffected by maternal diet throughout the study period; however, at day 90, GSH-PX activity was significantly lower in female obese offspring than in control females (Figure 4) .
DISCUSSION
The present study has evaluated the role of a cafeteria diet during pregnancy and lactation in the induction of metabolic abnormalities, especially an oxidant/antioxidant imbalance, in the offspring.
The dams that received the cafeteria diet had an increase in total food intake, as described previously in the literature with animals fed cafeteria diets [35] . This increase in energy intake may explain the higher body weight in the cafeteria group, in agreement with previous studies [36] . The enhancement of body weight in cafeteria-diet-fed rats was strongly associated with the increase in weight of adipose depots, confirming the obesigenic properties of the cafeteria diet.
The present study revealed an increase in serum glucose, insulin, leptin, triacylglycerol and cholesterol levels in cafeteria-diet-fed pregnant rats. These results are in agreement with previous studies reporting that, in dams fed a high-fat or a high-energy diet during gestation, there were significant increases in food intake, body weight gain, serum insulin and leptin levels at the end of gestation [37] . After parturition, energy intake increased significantly in both groups. The cafeteria diet resulted in increased body fat and prevented body weight loss in lactating dams. In our present study, at the end of lactation, overfed rats were still heavier, hyperglycaemic, hyperinsulinaemic and hyperleptinaemic with high serum lipid levels compared with control rats.
On the other hand, our present results demonstrated that consumption of the cafeteria diet by female rats during gestation and lactation resulted in an adverse maternal intrauterine environment, predisposing the fetuses to metabolic malprogramming. These early fetal maladaptations predispose them to the metabolic syndrome (increased body adiposity, chronic hyperinsulinaemia, glucose intolerance and hyperlipidaemia) [38] in their adult life. In our present study, maternal cafeteria diet feeding resulted in obese, hyperglycaemic, hyperinsulinaemic, hyperleptinaemic and hyperlipidaemic offspring. These abnormalities remained throughout adulthood. Similar observations have been made in previous studies [19, 24, 39] .
In the present study, the increased weight gain of adult offspring of cafeteria-diet-fed dams, both males and females, was associated with the development of obesity, hyperleptinaemia, insulin resistance and hyperlipidaemia. These offspring also had an increase in oxidative stress with alterations in oxidant/antioxidant status similar to that found in their cafeteria-diet-fed mothers. This is a novel observation that provides support for the hypothesis that in utero events related to maternal overnutrition may adversely affect the oxidant/ antioxidant balance and may predispose the offspring to oxidative stress in utero and in later life.
Our present findings revealed that total antioxidant capacity (ORAC) was decreased in dams fed the cafeteria
Figure 4 Erythrocyte antioxidant enzyme activities in control and obese offspring
Values are means + − S.E.M. Male and female offspring constitute separate groups. Significant differences between obese and control rats, at each age, are indicated by * P < 0.05 and * * P < 0.01. Significant differences between males and females in the same group, at each age, are indicated by + P < 0.05 and ++ P < 0.01. GPX, GSH-PX; GRED, GSSG-Red; U, units. diet compared with their controls at parturition and at the end of gestation. The same observation was made in their offspring at birth and throughout adulthood. Hyperenergetic and high-fat diets have been reported to increase oxidative stress and decrease antioxidative enzyme activity [25, 40] . Furthermore, oxidative stress in obesity may be generated by exacerbated nutrient oxidation [41] .
ORAC was formulated as the cumulative action of all the antioxidants present in plasma, thus providing an integrated parameter rather than the simple sum of measurable antioxidants [42] ; however, the evaluation of total antioxidant capacity by in vitro antioxidant protocols using an arbitrarily selected oxidant generator and relative inhibition after antioxidant addition does not reflect the complex biological antioxidant activities [43] .
Therefore it remains essential to measure several parameters, including plasma non-protein small-molecule antioxidants and enzyme activities. For these reasons, our present study reported a combined evaluation of antioxidant capacity and oxidative stress markers.
In the present experiments, cafeteria-diet-fed dams and their offspring had an imbalanced oxidant/antioxidant system and enhanced oxidative stress. The latter was associated with increased food intake and fat accumulation. In animal models of developmental programming, mitochondrial dysfunction has been reported, which is at least contributory, if not causal, in the development of obesity-related disorders [21, 24] . Indeed, long-term hyperleptinaemic states such as obesity increase the level of oxidative stress [44] .
Despite normal levels of vitamins A, C and E, the decrease in ORAC was associated with increased oxidative stress markers, such as hydroperoxide and protein carbonyl levels, in cafeteria-diet-fed dams and their progeny. An association between adiposity and insulin resistance [45] , as well as an emerging evidence of a link between insulin resistance and oxidative stress, has been reported in adults [46] . Protein carbonyl groups are introduced via oxidation of proteins and can be used as markers for oxidatively modified proteins, and have been suggested to be a sign of tissue damage caused by oxidative stress, carbohydrate overload or both [47] . Protein carbonyl contents reflect the amount of oxidative stress that the animal has been exposed to during a long time period. In offspring of cafeteria-diet-fed dams, increased protein carbonyl levels indicated that free-radical-mediated oxidative damage occurred at an early stage of development.
Our present findings show that, in our animal model, antioxidant defence mechanisms are altered in response to the generation of free radicals. Dams fed a cafeteria diet had lower CAT and SOD activities than control dams, whereas GSH-PX and GSSG-Red were at normal levels. In offspring of both genders from cafeteria-dietfed dams, CAT activity was also decreased, whereas SOD activity was normal at birth and increased at days 21 and 90 compared with controls. GSH-PX and GSSGRed activities were at normal levels, except for GSH-PX activity, which was low in females at adulthood. Several investigators have reported contradictory findings regarding antioxidant status in obesity [11, 12, 45, 47] . Antioxidant enzymes may be consumed or inactivated in high oxidative conditions; however, ROS (reactive oxygen species) are sometimes produced in higher amounts than the antioxidant systems can scavenge. Furthermore, ROS often stimulate the production of antioxidant molecules. The production and activity of antioxidant enzymes also increase in relation to high oxidative stress.
In the present study, we observed that several of the parameters measured had significant gender differences. Compared with male control offspring, oxidative stress was decreased in females, and this may be attributed to a decrease in body weight and food intake, a decrease in plasma leptin and lipid levels, and an increase in CAT activity and oestrogen protection [48, 49] . However, in obese offspring, oxidative stress was enhanced in females, which had high hydroperoxide and low GSH-PX activity compared with males. It is possible that increased oxidative stress in obese females may be due the lack of gender protection.
Taken together, our results suggest that oxidative stress occurred during intra-uterine life, persisted through adulthood in offspring of cafeteria-diet-fed rats, and might be related to maternal oxidative stress, overfeeding, hyperglycaemia, hyperlipidaemia and fat accumulation.
In conclusion, the results in the present study strongly suggest that excessive maternal fat and energy intake can play an important role in the development of metabolic disorders observed in their offspring, and that maternal oxidative stress can be singled out as the factor involved. Fetal oxidative stress may represent an additional confounding influence and probably contributes to further disorders, aggravating features of the metabolic syndrome. Therefore an improvement in maternal oxidant/antioxidant status during pregnancy and lactation, in addition to an adequate nutrition, could have beneficial effects on the progeny. 
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